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RF POWER DELIVERY ARCHITECTURE WITH SWITCHABLE MATCH AND
FREQUENCY TUNING

BACKGROUND
Field

[0001] Embodiments of the present invention generally relate to a match circuit
located between a source of alternating currant power, for example a source of RF
frequency power, and a lead such as a semiconductor or other processing chamber.
This includes a pracessing chamber where the load includas an AC powered slement,
or an AC powered slement coupled to a plasma within the chamber. More particularly,
the embodiments herein relate o methods and apparatus for providing a maich
between a power supply and & load, where the characteristics of the load dynamically
change, and where the maitch can effectively switch between match circuit elements
while power is supplied to the load, and the frequency of the alternating current power
signal is likewise dynamicaily changeable, to enable minimal power reflectance from

the load as the load characteristic change under power application thersto.

Description of the Related Art

[G002] There are known in the maich art matches employing variable capacitors,
wherein the capacitor has a range of capacitance values, and different values of
capacitance are selected by physically changing characteristics of the capacitor, such
as by application of motor torque to a shaft connected to the variable capacitor, o
changs the capacitance value thersof. These motorized capacitors have a limited
lifetime, and are relatively slow 1o respond to changes in the load characteristics
requiring a change in a capacitance value in the match.  Additionally, where 3 fixed
value of components of the match are disposed between a power supply and a load,
it is known 1o use a variable frequency power supply, wherein slight changes in load
characteristics which affect the maltching of the power supply to the load can be
addresses by changing the fraquency of the power signal to the maich. However, the
range of variation of the output frequency is limited, and cannot fully address issuss,
which arise when the load characteristics change and the load begins reflecting
power, or the amount of reflected power as compared to the forward power dalivered

by the power supply increases sigrificantly.
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SUMMARY

(0003} Provided herein is a power supply circuit including a match. In one aspect,
a power supply circuit includes a switchable match, including a high voltage bus
connectable to a load, a low voltage bus connectiable to the load such that the lcad is
in series between the high voltage bus and the low voltage bus, at least two capacitors
having a fixed value of capacitance selectively connectable between the high voltage
bus and the low voltage bus and a plurality of solid state switches equal in number (o
the number of capacitors having a fixed value of capacitance connectable between
the high voltage bus and the low voltage bus, sach switch configured and arrangsd o
selactively connect or disconnect one of the capacitors having a fixed value of
capacitance selectively conneclable between the high vollage bus and the low voltage
bus into electrical communication betwean the high voltage bus and the low voltage
bus, and a variable frequency power supply including a high voltage ouiput

connection, the high voltage connection connected to the high voltage bus.

(060041 In another aspect, provided herein is a maitch connectable beiween &
variable frequency power supply and a load, wherein the electrical characteristics of
the load can dynamically change, including a high voltage bus connectable {o a load,
a low voltage bus connectable to the load such that the load is in series between the
high voltage bus and the low voltage bus, at least two capacitors having a fixed value
of capacitance selectively connaciable betweaen the high voltage bus and the low
voltage bus, and a plurality of solid state switches equal in number to the number of
capacitors having a fixed value of capacitance connactable between the high voltage
bus and the low voltage bus, sach switch configured and arranged to selectively
connect or disconnect one of the capacitors having a fixed value of capacitance
salectively connectable between the high voltage bus and the low vollage bus into

glectrical communication between the high voltage bus and the low voltage bus.

[0008] Further, a method of matching a power supply 1o a load, wherein the power
supply is a variable frequency power supply, includes providing a power supply circuit,
including a switchable maich configured to change the electrical characteristics
thereof in response {o changes in a load to which the switchable match is connectad,
includes providing a high voltage bus connectable to a load, a low voltage bus
connectable to the load such that the load is in series between the high voltage bus

and the low voltage bus, at least two capacitors having a fixed value of capacitance
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selectively connectable between the high voltage bus and the low voltage bus, and a
plurality of solid state switches equal in number ¢ the number of capacitors having a
fixed value of capacitance conneclable betweesn the high voitage bus and the iow
voltage bus, each switch configured and arranged o selectively connect or disconnect
one of the capacitors having & fixed vaiue of capacitance seleclively conneclable
between the high voltage bus and the low voltage bus into slectrical communication
betwaen the high vollage bus and the low voltage bus, and providing a variable
frequency power supply including & high voliage oulput connection, the high voltage

connection conneacted to the high voltage bus.

BRIEF DESCRIPTION OF THE DRAWINGS

[00081 So that the manner in which the above-recited features of the present
disclosure can be understood in detail, a more particular description of the disclosurs,
briefly summarized above, may be had by reference to embodiments, some of which
are fliustrated in the appended drawings. it is to be noted, however, that the appended
drawings illustrate only exemplary embodimeants and are therefore not o be
considered limiting of s scope, and may admil to other equally effective

embodiments.

(00077 Figure 1 is a plan view of a plasma power supply circuit, including a
switchable match, a AC to DC converter, and an RF amplifier, the switchable match
contained in a box shell different from that of a, a AC to BC converter, and an RF
amplifiar, for supply of a RF power signal matchad o the changing selectrical

characteristics of a process chamber.

(0008} Figure 2 is a plan view of a plasma power circuit, including a switchable
match, a DC power supply, a DC to AC converter, and an RF amplifier, the switchable
maich disposed in a box shell shared with an RF ampilifier, which is a separale box
shell from that of & DC power supply and a BC to AC converter, for supply of a RF

power signal maiched {0 the changing electrical characteristics of a process chamber.

[GO09]  Figure 3 is a plan view of a plasma power circuit including a switchable
match, a DC power supply, a DO to AC converter, and an RF amplifier, the switchable

match in a box shell different from that of a DC power supply, a DC o AC convertar,
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and an RF amplifier, for supply of a RF power signal matched to the changing

electrical characteristics of a process chamber.

[0010] Figure 4 is a plan view of a plasma power, including a switchable match, a
DC power supply, a DC to AC converter, and an RF ampilifier, the switchable match
disposed in a box shell shared with an RF amplifier, which is a separate box shell from
that of a DC power supply and a DC to AC converter, for supply of a RF power signal

maiched to the changing elecirical characteristics of a process chamber.

[00114] Figure 5 is a plan view of a plasma power circuit including a switchable
match located in series with an RF power supply and an RF cable, for supply of a RF

power signal maiched to the changing electrical characteristics of a process chamber.

(00121 Figure 6 is a plan view of a plasma power circuit including a switchable
match localed in series with an RF power supply and an RF cable, for supply of a RF

powear signal matched (o the changing electrical characteristics of a process chamber,

[0013] Figure 7 is a schematic circuit showing a single DO powar supply configured
to supply power to a number of individual sets of DC o AC convertors, RF ampiifiers,
and match circuits, each sst of a DC to AC convertor, RF amplifier, and match circuit

coupled to a dedicated load thersto.

[0014]  Figure 8is a schematic circuit showing a single DC power supply configured
to supply power to a number of individual sets of BC to AC convertors, RF amplifiers,
and match circuits, sach set of a DC to AC convertor, RF amplifier, and match circuit

coupled 1o a dedicated load thereto.

[0015] Figure 9 is a graphical representation of the electrical response of &

switchable match hereof

[0048] Figure 10is an additional graphical representation of the slactrical response

of a switchable match hersof.

[0017] Figure 11 i an additional graphical representation of the electrical

response of a switchable match hereof.

(0018} Figure 12 is a schematic of a conirol circuit for the power supply circuils

hereof.
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[0018] Figure 13 is a schematic of a power supply circuit incorporating a DC power

supply and an RF stage.

(060207  To facilitate understanding, identical reference numerals have been used,
whare possible, to designate identical elements that are common to the figures. it is
contemplated that elements and features of one embodiment may be beneficially

incorporatad in other embodimeants without further recitation.

DETAILED DESCRIPTION

[0021] Provided herein is an alternating current, for example AC or RF power
delivery architecture, including both a switchable match and frequency tuning for
providing power {0 a plasma chamber at a consistent rate despite changes in the
elecirical characteristics of a load coupled thereto. Here, for example, the electrical
characteristics of the switchable match change {0 address changes in the electrical
reactance and resistance of a chamber component 1o which the power supply is
coupled, or in a plasma and return or ground bath theredf, or changes in the electrical
characteristics of the series connection of the component, the plasma, and the ground
or return path. By appropriate connection of individual components of the switchable
match into the active match circuit thereof, the elecirical characteristics of the
switchable match can be changed to more closely maitch the electrical characteristics
of the circuit components upstream thereof to the reactance of the components
downstream thereof, i.e., of a load composed of the chamber components to which it
is coupled, the plasma in the chamber, or both. The sslective connection of match
componenis into the match circuit resulls in a maich, or a near maich, of the
downstream load reactance. By additionally adjusting the frequency of the RF signal
reaching the maich, a matching reactance, or areactance very close to matching, the

reactance downstream thereof can be achisved.

(00221 Here, the individual components which are selectively included in the maich
circuit are individual capacitors, located between the power and ground lines or buses
of the match, i.e., provided as “shunt” capacitors, and one or more of these capacitors
can be selectively incorporated into the match circuit using a solid state switch
dedicated thereto and located in series with each capacitor between the power and
return or ground buses of the match. Herein, descriptions of a switchable L

configuration match and a switchable r configuration match are described. Each such

(83}
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switchable match is configurable to be located in series between either an RF
generator and appropriate power supply and return path cabling and a process
chamber or component thereof, or between a D.C. power supply, DC to AC converter
and an RF ampilifier and a process chamber or component thereof. Additionally, with
respect to Figure 110 4, the RF power is supplied by individual components in discrete
packagings or shell boxes, here a BT power supply 110 connected to a source of AC
power, for example a fab or factory AC source at 200 to 480 V and sufficient waltage
io power the DC power supply 110, a DC to AC (RF) converter 112, and an RF
ampilifier 114, whereas in Figures 5 and & the RF power is supplied by an integrated
RF generator. In the configurations of Figures 1 to 4, a single DC power supply can
be connected to multiple process chambers 122 through a switchable match 102 or
102 dedicated (o sach chamber, as is shown schematically in Figures 7 and 8.
Additionally, the DC power supply, and the DC to AC convertor 112 {oscillator) and
the RF or AC amplifier 114 can be configurad in a single enclosure or shell box, as
shown schematically in Figure 12 hereof. In the aspect hereof shown in Figure 1, a
power supply circuit 100 including an L style switchable match circuit 102 is shown.
In Figure 2, the power supply circuit 100 is the same as that of Figure 1, but the RF
ampiifier and switchable match are provided in the same shell box. In the aspect
hereof shown in Figure 3, a power supply circuit 100 including a 11 style switchable
maich 102 is shown. In Figure 4, the power supply circuit 100 is the same as that of
Figure 3, but the RF amplifier 114 and switchable match 102" are provided in the same

shelf box.

(00231 Referring initially to Figure 1, an RF power delivery architeciure device
including a power supply circuit 100 including a switchable match 102 and frequency
tuning able to provide power to a plasma chamber at a consistent rate despite
changes in the electrical characteristics of the load connected thersto is depictad.
Hereg, the load is a process chamber 122 component, the slectrical characteristics of
which change during the powering thereof, or a process chamber 122 component and
a plasma electrically coupled thereto and to ground or a retum path and in which the
electrical characteristic change during the powering thereof, or combinations thereof.
The powsr supply circuit 100 is here configured to enable connection of one or more
switchable matches 102 {0 be connecled thereto. For example, the power supply

circuit 100 can be used to provide high RF power o a process chamber 122 ortc a
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component or plasma thereof, with minimized reflected power despite changes in
reactance in the process chamber 122 or component or plasma thereof connectad {o
the swifchable match 102, by using active solid state switching of switchable maich
102 components into or out of the match circuit while under power, and if required, by

adjusting the frequency of the RF signal

(00241 AsshowninFigure 1, a power supply circuit 100 includes a serigs box shells
116 a-e, each shell comprising a steel or other metal frame 70, each configured as &
recltangular prism bounded by skins 72 connected to the frame 70 by threaded
fasteners or other securement elements {o hold slement so the power supply circuit
therein as separate modules. Each box shell 116a-e inciudes at lsast two connectors
117 {conneclors 117a-p of the several box shelis 118 of Figure 1) extending through
the skins 72 to enable connection of the electrical component(s) within a shell a118
to a component exterior thereto, or 1o a component in or on the plasma chamber.
Connection cables 120, for example RF shielded cables, connect to each connector
117 1o connact the eleclrical component in each shell 116 {0 ancther component in
another shell 116 through a connector 117 thereof or {0 the process chamber 122

componant.

[B025]  Inthe embodiments hereof of Figures 1 1o 4 where the power supply circuit
100 is configured of modular elements in box shells 118, a DC powsr supply 110
enclosed in box shell 118a supplies direct current electrical power to the power supply
circuit 100, The DC power supply 110 is connected into the power supply circuit 100
by two connection cables 120a and 120b. Connection cable 120a is connected o the
de + or DC high voltage side of the BC power supply 110 at connector 1173, and
connection cable 120b is connected 1o the — or ground side of the BC power supply

110 at connector 1174,

[0026] The connection cables 120 a, b exiend from the conneclors 117a, b on the
box shell 118z covering the DC power supply 110 respectively o the two input
connectors 117¢, d extending from the skins 72 in the box shell 116b covering the DO
to AC converter 112, The DC to AC converter 112 converts the direct current slectrical
signal {power)} received through the connection cables 120, b to alternating current
using a sulid-state oscillation circuit. Herg, the AC output of the BC to AC converter

112 can be an RF frequency, i.e., 13.56 or multiples thereof, or another AC frequency.
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The output of the DC to AC converter 112 is connected to an RF {or AC) amplifier 114
through connection cables 120c¢, 120d. Connection cable 120c extends batween an
output connector 117e of the DC to AC converier 112 to the input connector 117g of
the RF ampilifier on the high voltage RF output side of the DC to AC converter 112,
and connection cable 120d extends between return or ground connector 1171 of the
AC to DO converter and the return or ground connector 117h of the RF amplifier 114,
The RF amplifier 114 is a solid state amplifier, connected to a power source such as
a 220V or 44V exterior electrical connection (not shown), to increase the peak to peak
voitage of the alternating current signal output by the BC to AC converter, 0 a value
useful for the end application of the AC signal, for example for driving an electrode or
coil in or over a plasma processing chamber as part of a plasma circuit within the
chamber, or driving ancther component within the chamber which is not a direct part
of the plasma circuit.  For example, the output rms voltage may be on the order of
1000 ¥V, more commonly 100 to 200V,

(00271  Atthe output side of the swilchable match 102, connector 117m on the high
voltage bus 132 is connected to the high voltage input connector 1170 of the plasma
chamber 122 to connect {0 a component thereof through a connection cable 1206,
and connector 117n is connected the return path or ground bus 134 {o the return or
ground side connector 117p of the process chamber 122 through connection cable
1208,

[0028] In Figure 1, the malch is configured as an “L” match, wherein a first,
variable, capacitance configured of up to four capacitors 150a-d is located between
the high voltage bus 132 and return or ground bus 134, a second capacitance in the
form of fixed capacitance capacitor 118, and an inductor 119, are located in series in
the high voltags bus 132 between the connection of the variable capacitance therewith

and the connector 117m.

[B029] Here, the shunt capacitance, i.e., the capacitance in the "L” circuit between
the high voitage bus 132 and return or ground bus 134, is a variable capacitance
configurable by, in this embodiment, four capacitors 150a-d sach of which have a
fixed capacitance value, and each is seleclively connectable between or across the
high voltage bus 132 and the return or ground bus 134 by the selective operation of

the one of swilches 152a-d connected between a capacitor 150 and the high voltage
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bus 132. A lesser number of shunt capacitors 150, but at least two shunt capacitors,
or a greater number of shunt capacitors, may be employed, {o enable the maich
designer to create a maich with minimal ranges of load electrical conditions where
power is reflected, by swiiching the shunt capacitors into or out of the match circuit.
To enable matching across a large range of resistance and reactance in the load,
one or more of the capacitors 150a-d can be switched into or out of the match circuit,
Le., connecled batween or across the high voltage bus 132 and the retumn or ground
bus 134. Each of the capacitors 150a-d, when conneacted to the match circuit, are
glectrically in parallel with one another between or across the high voltage bus 132
and the return or ground bus 134, Additionally, the match designer can allow none of
the capacitors 150a-d nead to be connected betweean or across the high voltage bus
132 and the return or ground bus 134, Connection of any capacitor among capacitors
150a-~d belween or across the high voltage bus 132 and the refurn or ground bus 134
is created by closing the corresponding ones of the switches 150a-d present betwaen
a capacitor 150 a-d and the high voltage bus 132, Likewise, any capacitor among
capaciiors 150a-d can be disconnected as between or across the high voltage bus
132 and the retumn or ground bus 134 by opening the corresponding ones of the
switches 150a-d present between a capacitor 150 a-d and the high voltage bus 132
Here, the swilches 152a-d are solid state switches, for example PIN dicdes, which
can be swilched under power, i.e., to connect or disconnect a capaciior connected
thareto into or out of the match circuit while power is passing through switchable match

102 and into the process chamber 122 or a component thereof.

(00301  Inthe swilchable match 102 of Figure 1, the capacitance between or across
the high voltage bus 132 and the retum or ground bus 134 is the sum of the
capacitances of the capacitors 150a-d connected between or across the high voltage
bus 132 and the return or ground bus 134.  The value of the shunt capacitance,
which is the sum of the individual capacitance values of the capacitors 150a-d
switched into the match circuit to be electrically connected between or across the high
voltage bus 132 and the ground or return bus 134, is adjusted o maximize the power
transfer into the process chamber component or the plasma coupled thereto, e, into
the load, even when the relative resistance and reactance of the load changes.

Referring to Figure 9, the effect on maltching using this methodology is represented
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for the switching of up to two shunt capacitors, for example capacitors 1504, b, into or

out of the match circuit.

(060311  In Figure 9, the effective power coupling or fransfer into the locad, in
comparison to the shunt capacitance value, the resistance and the reactance of the
load is shown by way of an example of two capacitances, €. Here, the shunt
capacitance is based on the sum of the capacitances of fixed capacitance capacitors,
here for example capacitors 1503, b, switched into the malch circuit as shunt
capacitors. Herein, fixed means the rated or actual value of the capacitance of a
capacitor at a set of conditions, for example at 20°C and atmospheric pressure, i
being understood that the capacitance of a such a capacitor can drift slightly based
on the operating conditions and age thereof. However, the capacitance is fixed in the
sense that the capacitor cannot be intentionaily manipulated to controllably change
the capacitance thareof, which is done with variable capacitors. In Figure 9 the Y-axis
represents the load reactance, and the X-axis represents the ioad resistance. During
processing in the process chamber, both the reactance and the resistance of the load
can change, which can affect the percentage or amount of the power leaving the RF
amplifier that actually passes into and through the load, for example a process
chamber component or a process chamber componert electrically coupled o a
plasma in the chamber. Line 154 circumscribes a region of a range of resistance and
the reactance of the load where, if only & single capacitor Cy, for example only
capacitor 150a, is switched into the match circuit between or across the high voltage
bus 132 and the return or ground bus 134, no power (or a minimum amaunt of power)
will be reflected by the load. In other words, within the reactance X and resistance R
values of the load bounded by points 150a-d, if capacitor 150a is the only capaciior
switched into the match circuit between or across the high voliage bus 132 and the
refurn or ground bus 134, 100% (or the maximum possibie) of the power leaving the
RF amplifier will reach the load. Additionally, as the reactance and resistance of the
load can change dynamically during use of the load, for example the load as an
electrode and plasma in & plasma circuit, greater power will bagin {0 be raflected by
the load once the values of the resistance R and reactance X are outside of the area
circumscribed by the line 154, For example, ling 1586 represents the series of valuss
of the load resistance R and reactance X where 10% of the power will be reflected by

the load where only capacitor 150a is swilched into the maich circuit. In other words,

10



WO 2022/169963 PCT/US2022/015099

where 90% of the power leaving the RF ampilifier 114 is passed into the load
Likewise, line 158 represents the series of values of resistance R and reactance X
where 20% of the power will be reflacted by the load where only capacitor 150a is
switched inio the match circuit. In other words, where 80% of the power leaving the
RF amplifier 114 is passed into the load. Although not shown, the further the
resistance R and reactance Xvalues of the load are outside of the area circumscribed
by ling 154, with only capacitor 150a switched into the maich circuil, the higher the
reflected power percentage, and the lower the percentage of the power leaving the

RF amplifier reaching the load.

[0032] Because the drift of the resistance and the reactance of the load cannot be
directly conirolled while the process chamber is in use, f only a single fixed
capacitance capacitor could be switched into the maich circuit between or across the
high voltage bus 132 and the return or ground bus 134, the percentage of power
fransferred into the ioad could deteriorate significantly. Howsver, here, a second fixed
capacitance capacitor, for example capacitor 150b, can be additionally switched into
the match circuit between or across the high voltage bus 132 and the return or ground
bus 134. Capacitor 150b can be switched into the match circuit in addition to capacitor
150z, or it can be switched into the match circuit while capacitor 150z is switched out
of the match circuit.  In this case, the match circuit will match a different range of
values of rasistance R and reactance X of the load. However, i is also possible to
select the values of the capacitors 150a, b, so that the ranges of resistance R and
reactance X matched and allowing 100% or the greatest possible fransmittance of
power to the load by using only capacitor 1503, and those matched and allowing 100%
or the greatest possible transmittance of power {0 the load using both capacitors 150a
and 150b, can overlap. Likewise, the capaciiances can be selected so that the ranges
of resistance R and reactance X maiched and allowing 100% or the greatest possibie
fransmittance of power (o the load by using only capacitor 150a or only capacitor 15Cb
overlap. For example, in Figure 9, curve 162 circumscribes the values of resistance
and reactance within which 100% (or the greatest possible amount) of the power
leaving the RF amplifier is transferred into the load when both capacitors 150 and
150b are switched into the match circuit betweean or across the high voltage bus 132
and the return or ground bus 134, Line 164 represents the series of values of

resistance r and reactance X where 10% of the power will be reflected by the load

11
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where both capacitor 150a and capacitor 150b is swilched into the match circuit. In
other words, where 80% of the power leaving the RF ampilifier 114 passed into the
load. Likewise, line 166 represents the series of values of resistance r and reactance
X where 20% of the power will be reflected by the load where capacitor 150a and
capacitor 150b is switched into the match circuit.  In other words, where 80% of the
power leaving the RF amplifier 114 passes inlo the ioad. Here, it can be seen that
there are regions of overlap where the percentage of power reaching the load is in the
same percentile range when sither only capacitor 150a, or both of capacitors 150Ca

and 150k, are switched into the match circuit.

[0033] By properly sslecting the values of the capacitors, it is possible {o create a
match in which the reflected power can reach a maximum desired value of Pr
accepiable 1o the application cccurring in the process chamber. For example, by
reducing the value of the capacitances of capacitor 150a and 1500 to slightly less than
the value for the results shown in Figure 8, the area circumscribed by curve 162 will
shift to the left and downwardly, L.e,, to lower X and R valuas, such that there will be
ranges of resistance R and reactance X where the match will pass 100% (or the
greatest possible amount) ¢of the power to the load using either capacitor 150 aor b
alone, or capacitors 150a and 1500 iogether. Likewise, where the sum of the
capacitances of capacitors 1580a and 150b is greater than the valus represented in
Figure 8, the regions of 100% (or the greatest amount possible of) power transfer
circumscribed by lines 154 and 162 wili be further apart, and regions of lower power
transfer, i.e., greater reflectance, will be prasent thersbatwesn. Additionally, a region
of 100% transmitiance and corresponding lower transmiitances surrounding the 100%
{or greatsst possible power transfer) region is present having higher X and R values
than that of curve 162, which is created by swilching a third capacitance such as
capacitor 150c¢ info the match circuit as shown by Curve 170 in Figure 10, Likewise
a region of 100% {or greatest possible power transfer) and corresponding lower
fransmittances surrounding the 100% region is present having vet higher X and R
values than that of curve 182, which is created by swilching a fourth capacitance such

as capacitor 150c¢ into the match circuit as shown by curve 172 of Figure 10.

[0034] The shunt capacitance provided by selectively switching capacitors 150a-d
into or out of the match circuit allows up to 16 different shunt capacitances can be

present in the match circuit, Assuming the capaciiance values of the capacitors 150a-
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dare A, B, C and D respectively, the following total shunt capacitance values, i.e., the
capacitance between or across the high voitage bus 132 and the ground or raeturn bus
134, are possible: 0 (none of capacitors 150a-d are switched into the circuit), A B, C,
0, A+B, A+B+C, A+B+C+D, A+C, A+C+D, A+B+D, A+D, B+C, B+C+D, B+D, C+D.
The total number of different capacitance valuss which can be present between the
high voltage bus 132 and the ground or return bus 134 is 2° where C is the total
number of capacitors which are available to be switched into or out of the maltch circuit
between the high voltage bus 132 and the return or ground bus 134, Thus, with only
two capacitors 152a, b present, four such capacitances can be achieved. With three
capacitors 152a-¢ presert, eight capacitances can be expressed. The number of
capacitors, and their values, are a matter of design choice for the maich designer,
depending on the desired range of X and R-values to be matched for high
fransmittance, and the desired overlap of the 100%, 90%, 80% elc. transmittance
regions of aach capacitance which can be established. The capacitance values of the
capacitors 152a-d can be different than each other, for example where A is less than
B, B islessthan C, and C is lass than D, The capacitance values of each capacitor
150a-d may be the same. Some of the capacitors 150a-d may have the same
capacitance valug, while others have different capacitance valugs. The capacitance
values are selected {o allow the switchable match provide the closest mateh possible
t0 pass the highest amount of forward power {0 the load, based on the likely or

calculable properties of the load.

[00358] Referring to Figures 10 and 11, the regions of lnad properties of resistance
R and reactance X matched by Tour different total shunt capacitances is shown. Each
region may represent the vaiues or resistance R and X of the load where 100%
transmittance (or the greatsst possible fransmittance ) of the forward power io the
load for a single one of the capacitors 150a-d switched into the match circuit, or one
of four different combinations thereof. In Figure 10, the regions of pairs of reactance
X and resistance R values circumscribed by line 154 representing the presence of
only capacitor 150a of the same value as that shown in Figure 9 in the match circuit,
and regions of pairs of reactance X and resistance R values circumscribed by line 154
representing both capacitor 150a and 1500 of the same value as that of Figure 9 in
the maich circuit, are shown. Additional curves, for example a third curve 170

circumscribing a region of pairs of reactance X and resistance R values whers 100%
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transmittance o the load occurs using three of the capacitors 150a-d, or a different
combination thereof, for exampie the first and third capacitors 150a, ¢ are switched
into the match circuit, and a fourth curve 172 circumscribing a region of pairs of
reactance X and resistance R values where 100% transmittance to the load occurs
using different combinations of the four capacitors 150a-d switched into the mailch
circuit, are shown. In Figure 10, the regions of pairs of X and R values where 100%
{or the greatest possible) transmiltance occurs are spaced from one ancther, such
that switching these four combinations of capacitors 150a-d in the maich circuit resulis
in operation of the match where power (or an amount greater than the minimum
possible} will be reflected by the load where the R and X values of the load are not
within a region circumscribed by one of curves 154, 162, 170 and 172, This will occour
whan the load reactance and resistance values are outside of the regions
circumscribed by the lines 154, 162, 170 and 172, for example inthe regions 174, 176
and 178 therebetween. Thus, as the electrical characteristic load values change, a
portion of, or greater than a minimum possible amount of, the power being supplied
to the process chamber 122 or component thereof will be refiected, the value thereof
as a percentage of forward power from the RF amplifier 114 depending upon how
close togsther are the regions circumscribed by the curves or lines 154, 162, 170 and
172. The greater the distance therebetween, the greater the percentage of the power
reflected from the icad when operating in these regions. However, this may be

accepiable operation for certain applications.

[0038] Alternatively, the values of the capacitors 150a-d or the combinations
thereof can be modified, such that the combinations thereof can result in overlapping
regions of pairs of reactance X and rasistance R values where 100% transmittance to
the load occurs. Here, the resulting curves 182, 170 and 172 resulling from reducing
the capacitance values of the capacitors 150b-d combined into the maich in Figure 10
to lower values, resulting in the resulting regions of 100% match moving o lower
resisiance R and reactance X values, such that the boundaries of the regions of 100%
transmitiance are at least coexisting, if not overlapping, in the R value direction. As a
resul, there is a large region of pairs of reactance X and resistance R-valuss whers
100% transmittance to the load occurs, which is continuous and is without regions of

reflection.
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[00371 For convenience, Figures 10 and 11 show the regions of pairs of reactance
X and resistance R values where 100% ftransmittance {o the load occurs for four
values of shunt capacitance possible by combinations of switching one or more of the
capacitors 150a-d inte the maich circuit between or across the high voltage bus 132
and the return or ground bus 134 of Figure 1. Howaever, as discussed previously, the
number of shuni capacitance values, and thus the number of regions of pairs of
reactance X and resistance R values where 100% (or the greatest possible for the
match) transmittance io the load occurs is 2° where C is the number of capacitors
available {0 be switched into the maich circuit between or across the high voliage bus
132 and the return or ground bus 134, Thus, the match designer has a high degres
of fresdom o design a match having multiple ranges of 100% {or minimum possible)

reflectad power, 1o match the power driving circuit with the load.

(00238} Switches 152a - d, each configured o incorporate or switch the
corresponding one of capacitors 150a-d into the match circuit between or across the
high voliage bus 132 and the return or ground bus 134, are configured as solid state
PiN dicdes. This aliows the swiiches 152a-d to switch under ivad, i.e., while the power
is being driven at least through the high voltage bus 132, and where at least one of
capacitors 152a-d is switched inic the maich circuit, through the remainder of the
switchable match circuit 102 and into the load, to allow continuous uninterrupted

power supply into the load, Le., into the process chamber 122 or a componeant theraof.

(00381 Here, the BC to AC convertor is capable of variable frequency output, 8.,
of controllably changing the output frequency thereof. As g result, with the power
being supplied o the load, and the swilchable maitch 102 operating o minimize the
value of the power reflected by the load, the frequency of the power signal, ie., the
AL frequency value of the power oulput, can be maodified to reduce or change the
power reflection value. In the examples of the shunt capacitance between or across
the high voltage bus 132 and the return or ground bus 134 shown in Figures 9 and
10, where there are values of pairs of load resistance R and load reactance X where
reflection of power from the load will occur. Here, the frequency of the power supplied
can be adjusted to change the load rasistance R and load reactance X at which
minimum or no reflection occurs and thereby bring the reflected power value 1o a lower
value or {0 zero. As shown in Figure 10, as the load characteristics change, the

ternporal values of the load resistance R and load reactance X, at the tempora!
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frequency of the power being supplied at a given moment, are values between the
switchable capacitance values where the match transmits 100% of the power supplied
onto the load. This is represented by point 180, present between the areas of 100%
fransmitiance circumscribed by lines 154, 162. However, by adjusting the frequency
of the AC power signal output by the DC o AC converter, either {0 a greater or lasser
value, the iocation of the resulting pair of resistance R and reactance X values of the
load is changed with respect to the regions circumscribed by the curves 154, 162, 170
or 172, 1o be at either point 180 or 1807, within the regions of 100% transmittance.
Because the performance of any malch is frequency dependent, changing the
frequency can be considered to move the resistance R and reactance X values of the
load, shift the regions circumscribed by the curves 154, 162, 170 or 172 in the X and
R diractions, or both. Thus, the switchable match 102, when combined with a variable
frequency power supply, here configured as a DC power supply 110, the DC to AC
convertor 112 and an RF amplifier 114, the match can be operated 10 maintain the
occurrence of 100% {or maximum possible) transmittance of the power supplied into
the load. This is possible even where, as shown in Figure 10, the switchable maich
102 has inherent pairs of values of load resistance R and inductance X where reflected
power occurs at a given power frequency where power will be reflected.  Howsever,
by changing the frequency of the power signal reaching the switchable match, one of
the regions of pairs of resistance and reactance values of the load can be adjusted
in the R and X directions, or the load values of the resistance R and reactance X

changed, such that 100% (or the minimum possible} transmittance to the load occurs.

(00407 Referring to Figure 2, the modularity of the power supply is slightly modified
as comparad {o that of Figure 1. Here, the RF Amplifier 114 is inciuded in the same
box shell 116x as the swilchable maich 102. In all other respect, the power supply
system is the same and has the same operation as that shown and described with

respeact to Figure 1.

[0041] Referring now to Figure 3, an additional aspect of the power supply circuit
100 employing a modified switchable match 102" is shown. Here, the modified
switchable match 102 is configured as a pi {11) switchable maich circuit 102,
configured with two sets of capacitors 150a-d and 152 e-h and corresponding
swiiches 152a-d and 15Ze-h configured (o selectively connect a capacitor 150a-h

glectrically connected thereto in serigs betweaen or across the high voltage bus 132
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and the return or ground bus 134, Here, an inductor 119 and a capaciior 118 are
interposed in series in the high voltage bus 132 between the area of the high voltage
bus 132 where capacitors 150a-d can be connecied by thereto by switches 152a-d
and the area of the high voltage bus 132, between the inductor 119 and capacitor 118
and the process chamber 122, where capacitors 150e-h can be comnacted by
switches 152e-h to the high voltage bus 132, Here, each leg of the pi (1) maich 102,
Le., the portions thereof {0 sither side of inductor 119, includas four fixed capacitance
capacitors 1580a-d or 150 e-h, each selectively connectable or not connectable
between or across the high voltage bus 132 and the return or ground bus 134 of the
switchable pi () match 102'. A lesser number, but at least two such capacitors 150
and corresponding swilchas 152 o switch them into or out of the maich circuit are
present on at least one leg of the switchable pi (1) match 102", The modular construct
of the power supply circuit 100 of Figure 3 corresponds in siructure to the power
supply circuit 100 of Figure 1, but for the substitution of the switchable pi () match
102 for the L sivle matching configuration of the power supply circuit of Figure 1.
Likewise, the modularity of the power supply circuit 1007 of Figure 4 corresponds in
structure to the power supply circuit 100 of Figure 2, but for the substifution of the
switchable pi {11} match 102" for the L style-maiching configuration of the power supply

circuit 100 of Figure 2.

[0042] The pi () switchable match circuit 102’ of the power supply circuit 100" of
Figures 3 and 4 has similar operating characteristics as the L style-matching
configuration of the power supply circuit of Figure 1, interms of matching. Here, when
none of capacitors 150e-h are switched into the match circuit as shunt capacitors, the
power supply circuit 100 of Figure 3 corresponds in structure to that of Figure 1.
Where none of the capacitors 150 e-h of the pi () match 1027 are switched into the
shunt capacitance between or across the high vollage bus 132 and the return or
ground bus 134, match 102" has the same performance characteristics as the L style
switchable match 102 of Figures 1 and 2 where the capacitance of the fixed capacitors
125a-d is the same as the valuas thereof in Figures 1 and 2. Similarly, disconnecting
the capacitors 150a-d from the match circuit while switching one or more of the
capacitors 150e-h into the maich circuit and across or between the high voltage bus
132 and the return or ground bus 134 will result in similar performance characteristics

to those of the switchable match of Figures 1 and £ where the capacitance of the fixed

17



WO 2022/169963 PCT/US2022/015099

capacitors 125a-d is the same as the values thereof in Figures 1 and 2. The switching
of capacitors from the group of fixed capacitors 150a-d on one side of inductor 118
into the maich circuit of the switchable pi (1) match 102" and thus across or betwesn
the high voltage bus 132 and the return or ground bus 134, in addition to the switching
of capacitors from the group of fixed capacitors 150e-f on the other side of inductor
119 into the match circuit of the switchable pi (1) match 102" and thus across or
betwaen the high voltage bus 132 and the return or ground bus 134, results in a
combined sffect of the two sets of paralle! shunt capacitors similar to that shown and
dascribed with respect to Figures @ to 11,  This, with the addition of varying of the
output frequency of the DC to RF converter, enables a maich designer to design a
match having minimal pairs of load resistance r and reactance X where the maich
doas not result in 100% transmittance of the power supplied into the power supply
circuit 100 into the load. For example, where the load, at the tempeoral, Le., the current
in time, output frequency of the DC to AC convartor 112, presants resistance R and
reactance X values which are not fully matched {o prevent reflection of the power at
that frequency, the DC to AC convertor can change its frequency upwardly or
downwardly {0 adjust the characteristics of the match and the load to result in no or
minimai reflectance of power by the load. Additionally here, each of swilchas 152 a-
h has the same or similar configuration as the switches 152a-d of figures 1 and 2,
preferably configured as solid state PIN dicdes capable of hot switching, i.e., swifching
under load or full power application.  As a resull, like the power supply circuit 100 of
Figures 1 and 2, in the power supply circuit 100" incorporating a  switchabie pi (1)
match 102" sach and any of the capacitors 152 is switchable into or out of the match
circuil, and between or across the high voltage bus 132 and the return or ground bus
134, under full power without the need to disconnect the switchable pi (1) match 102
from the RF amplifier or the load, and thus continucus matching of the load, even as
the load resistance R and reactance X characleristics change, is accommodated. As
a result, the madmum forward power, e, the minimal reflected powar, is
accommodated by selectively switching ones of capacitors 150a-h into or out of the
shunt capacitance (the capacitance betwaen the high voltage bus 132 and the return
or ground bus 134) and simultaneously, as necessary, adiust the output frequency of
the DC to AC convertor o maintain the maximum forward power transmittance into
the load, here the process chamber, including a component thereof or a component

thereof electrically coupled 1o a plasma therein, can be maintained.
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[00431 Referring to Figure 7 and 8, the use of the power supply circuits 100, 100
of Figures 1 to 4 hereof can be used maodularly, in other words, a single DC to AC
generator can be coupled to muiltiple process chambers 122 through multiple
switchable matches 102, 102", sach swilchable maich 102 or 102" configured for

maiching to a single such process chamber or component therain..

[0044] Figure 7 schematically shows a distributed power supply system, where the
output of a single DC power supply 110 is connected to the input of multiple DC 1o AC
convertors 112, one such AC to DC convertor 112 provided for each process chamber
to be powered using the single DC power supply 110. Here, four process chambers
122a-d are ultimately connected to a single DO power supply 110, but a2 greater of
lesser number of process chambers 122 can be powered by a single DC power supply
110. Each process chamber 122a-d is coupled to a switchable match 102 or 102,
gach switchable match 1020r 102’ is coupled (o a dedicated RF amplifier 114, and
gach RF amplifier is coupled o a dedicated DC to AC converter 112, Although here
the RF (AC) amplifier 114 and the DC o AC convertor 112 are shown as separate
components, they may be combined into a single RF stage coupled to the DO source,
Le, to the DC power supply 110 as shown in Figure 12, Again, as in sach
gmbodiment heraof employing the DO sowce 110, the DC source 110 is powered by
a source of AC power, for example a fab or factory power main supplying power at a
50 to 80Hz frequency at for example 200 to 480V, Alternatively, the power source for
the DC power supply 110 may be an AC rack configured to supply power to muitiple
components of a process system, for example a process system employing one or
maore procass regions thereon, and the AC rack is configured {0 be connected to all
of the components of the system requiring un-matched AC power, as weli as the DC
power supply which converts the AC power input into a DC power output, which is
then converted to a desired AC frequency and power level. Here, the output of the
DC power supply is connected to each of the four dedicated DC to AC convertors 112,
o supply power through the RF amplifiers 114 and the switchable maich circuits 102
or 102" and ultimately to chambers 122a, d. Here, each of the DO power Supply 114,
DC to AC convertors 112, RF amplifiers 114 and switchable matches 102 or 102’ is
housed in its own dedicated box shell 116 (Figures 1-4), such that the components
may be readily switched out or replaced in a power supply circuit 100, 100", Again,

here the DC to AC generator 112 supplies a variable frequency oulput, to, along with
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the switching of the capacitors in and out of the shunt capacitance of the switchable
maich circuit 102, 102°, enable a broad range of load combinations of resistance R
and reactance X values over which high power delivery with minimal to no reflected

power will occur.

Referring to Figure 8, the power delivery components are configured as those in
Figures 2 and 4 hereof, wherein the RF amplifier 114 and switchable match 102 or
102 are combined in a single box shell 118, as in Figures 2 and 4 hereof. Otherwise,

the power supply circuits 100 or 100° of Figure 8 are the same as those in Figure 7.

(004587 Referring now o Figure 5, an additional RF power delivery architecture
device wiih switchable match and frequency tuning capability to provide power {0 a
processing chamber, for example a plasma processing chamber, at a consistent valua
daspite changes in the resistance R and reaclance X in the process chamber
component or environment {0 which the power delivery archilecture device is coupled
is depicted. The powsr supply circuit 100 is hers configured to enable connaction of
one or more swilchable matches 102 or 102’ to be connected thereto. For example,
the resulting powsr supply circuit 1007 can be used to provide high levels of RF power
to a process chamber 105 despite the occurrence of changes in the resistance R and
reactance X of the load o which the switchable maitch 102 is connectad, for example

a process chamber 122 or process chamber component.

[00487 Here, power supply circuit 1007 includes an RF Generator 220, capable of
delivering RF power at a desired amplitude (RMS voltage) and frequencies, which is
connected, through cabling (cables 221, 222} | to switchable match 102 as previously
described with respect to Figure 1. In this embodiment, the RF Generator is a
standard 50-0Q generator 220 contained in a box shell 116a, having a high voltage
connector 117a and a return or ground connector 117b extending from a same
sidewall thersof. A first 50-(1 cable 221 extends from the connector 117a to the high
voltage bus 132 of the switchable maich 102, and a second 50-(1 cable 222 extends
from connector 117b to the return or ground bus 134 of the switchable match. Here,
switchable match 102 | configured as, and operates in the same manner as, the
switchable match of Figure 1 and 2 hereof. Return or ground bus 134 of the
switchable match 102 extends through the maich {0 be connected to a returmn or

ground connection on the process chamber 122, and high voltage bus 132 exiends
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across four switch connection locations and to a in line capacitor 119 and inductor
119 in series therewith, and thence connects to the high voliage side of the process
chamber 122

[00471  In this embodimant, a single RF Generator 220 is dedicated to a single
process chamber 122, As with the embodiments of Figures 1 and 2 hereof, switchable
match 102 is operable to selectively switch one or more of the fixed capacitance
capacitors 152a-d into the shunt capacitance between or across the high voltage bus
132 and the retumn or ground bus 134, to modify the matching characteristics of the
switchable match 102 to accommodate multiple discrete ranges of pairs of process
chamber 122 or process chamber component or component and plasm resistance R
and reactance X vaiues. As a result, over a broad range of process chamber 122 or
process chamber component resistance R and reactance X values, the switchable
match 102 will provide low to no reflected power at the process chamber, Le., it will
provide a compiste, or nearly complete maitch, to transmit 100%, or nearly 100% of
the power output of the RF generator info the lnad (the process chamber or process
chamber component). Additionally, in ranges of process chamber 122 or process
chamber component or component and plasma resistance R and reactance X valuss
where the switchable match 102 does not provide the highest possible transmiltance
{minimum reflection), the RF generator 220 is configured as a variable frequency RF
generator 220, such that the oulput frequency of the power signal thereof can be
adjusted to cause the swiichable maich 102 to closer approximate the load, and obtain
as a result the maptimum power transmittance inte the load, for example 100% power

transfer.

[0048] Referring to Figure 6, another RF power delivery architecture device with
switchable match and fregquency tuning able to provide power to a plasma chamber
at a consisient rate despite reactancs changes in the reactance and resistance of the
load is shown. In Figure 6, the RF generator 220 and RF cabling 221, 222 are
amployed, but the pi architecture switchable match circuit 102’ is substituted for the L
architecture swilchable match of Figure 5. In all other respects, the power deliver

circuit is the same.

(00491 The system hereof includes a controller {0 selact the appropriate once of

fixed capacitors 150a-d or 150a-h {0 be switched info the shunt capacitance, in
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consideration of the reflected power and the power signal frequency. Here, the circuit
alement supplying the AC frequency, such as an RF frequency, includes therein
circuitry fo measure the power output by the frequency generating circuit slement,
also known as the forward power analyzer 200, and also the reflecied power arriving
back at the output terminals of the frequency generating circuit element using a
reflected power analyzer 202, each elecirically interposed in the high voltage
connection batweean the AC to DC convertor 112 and the RF Amplifier 114, or
incorporated into one of these components or within the RF generator of Figures 5
and 6. Here, the frequency generating circuit is one of the BC to AC convertor 112
of Figures 1 to 4, or the RF Generator 220 of Figures § and 6. Using the RF Generator
220 as an exampls, the generator includes a comparator circuit o compare the
quantities of the reflected power as a percentage of the forward power or a ratio of
the power reaching the load (forward power minus reflected power) to the forward
power, and a logic controller configured {o change the output frequency of tha RF
Generator 220 o obtain the highest ratic of percentage possible. This also consider
that it may not be possible {o achieve 100% transmittance of the forward powsr into
the load, but that a maximum transmittance represented by the highest ration or
percentage of power reaching the load to the forward power is the desired outcome
of frequency tuning of the RF Generator 220. Based on the relative percentages or
the ratio, the generator changes the oulput frequency thereof under control of the logic
controller to determine the optimal temporal (at that immediate moment in tims)
percentage or ratio, representing the lowest refleciance and highest transmittance of
the forward power into the lIoad. The RF generator may frequency tuns autonomaously,

i.e., independently of any other control element for the circuit.

(00501 Additionally, a controlier 250 is provided, and is configured o control the
operational setlings of the PIN Diode swilches 152, {o selectively include a capaciior
in the shunt capacitance of the match circuit. The controller 250 includes a logic
device, for example, a field programmable array, a microcompuier, or the like, into
which the characteristics of the operational ranges of the switchable match 102 or
102" are programmed or set. For example, the controlier may be a recipe controller
used to select a recipe, Le., a serias of RF or AC powers and frequencias delivered
to the plasma electrode or other component of the chamber, as well as the substrate

support {emperature, spacing between the electrode and the substrate, the gas
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mixiure in the chamber environment, and other process variables that can be
controlled or selected. Spacifically, for a given process chamber, a match designer,
with knowledge of the likely ranges or resistance and reactance of the ioad to which
the match is {0 be connected, for example, a process chamber component or a
process chamber component and a plasma alactrically connected thereto, detarmines
a set of desired discrete shunt capacitance values at which high transmittance of
power 1o the load, and thus low reflectance from the load, will occur. Additionally, the
designer programs the controller 250 to select the switches, among switches 152a-d
or 1582a-h, which need be in the closad position o cause the capacitor connected
thereto to be a part of the shunt capacitance of the switchable match 102 or 1027
Throughout, shunt capacitance is the fotal capacitance value betwesn or across the
high voltage bus 132 and the return or ground bus 134 of the switchable maich 102
or 102’ This value is the sum of the fixed capacitance of all capacitors 150 connected
betwesn or across the high voltage bus 132 and the return or ground bus 134 of tha
switchable match 102 or 102°. The designer may then operate the lcad, e, here
operate the chamber 122 in s normal working environment or conditions, {o
determine the actual reflected power therefrom, and the resulting pairs of valuss of
resistance R and reactance X of the load where high transmittance {low reflection)
and relatively lower transmiitance (high power reflection) are occurring.  With this
information, the designer can modify the capacitance values of the fixed capacitance
capacitors 150 potantially switched into the shunt capacitance. Then the designer or
user can map the regions of pairs of values of resistance R and reactance X within
which the highest transmittance (lowest reflection) is present between the power
supply circuit and the load for each potential or actual shunt capacitance, o vield the
rasults shown in Figures 9 to 11, for the RF Generator 220 or DC to AC convertor 112
nominal output frequency, for example a non-zero integer multiple of 13.56 KHz, for
gxample 27.12 MHz, as well as for the maximum and minimum variation of these
frequencies of the generator or converter about the output frequancy. As aresult, the
designer can determine the matching characteristics of the power supply circuit 100,
100 or 1007, when coupled to the load, including whether, within the range of shunt
capacitance values achievable by selectively switching one or more of the capacitors
150a-d or 150 a-h {Figure 6} into the shunt capacitance, in conjunction with the
potential cutput frequency values of the RF Generator 220 or DC to AC convertor 112,

whare the match will adequately perform for its intended purpose. This may include
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operation points where less than the maximum possible itransmittable power is

reaching the icad, or may include no operating points wheres this occurs.

(00811 The ranges of power fransmittance versus the load resistance R and
reactance X values are then programmed into the controller 250, and the controller
250 monitors the identity of the fixed capacitance capacitors 150a-d or 150a-h
switched into the match circuit and thus the operational state of the match. In one
aspeci, if the ratio of reflected power to forward power begins {0 increase, or the ratio
of forward power to reflected power begins to decrease, the RF Generator 220 or BC
to AC convertor 112 automatically changes the output frequency of the power signal
to again obtain the maximum forward power reaching the load, iLe., the highest
possible power transmittance. The controller 250 monitors the RF Generator or DC
to AC convertor 112 output frequency. If this change in frequency still results in a less
than possible or dasirable transmitiance of power into the {oad (excess reflectance),
then, based on the RF Generator 220 or BC to AC convertor 112 output frequency,
and the known setting of the switches 152 and thus the identity of the fixed
capacitance capacitors 150 currently in the shunt capacitance, the controller 250
signals one or more of the switches 152 o change their operational settings while
power is being supplied to the load by the RF Generator 220 or DC to AC Convertor
112, and thereby changs the shunt capacitance to a value which, for the current
operating conditions including the load conditions, will result in a higher power
transmittance and preferably the highest possible transmittance. The controlier
continucusly monitors the forward powaer, the reflected power, and the RF Generator
220 or DC to AC Convertor 112 output frequency, {0 control the switches 152 and thus
gstablish the shunt capacitance value leading o the highest possible power

transmittance.

[0052] In another aspect, the controller can be programmed {0 select the switches
162 a~-d or 152a-h to be closed to include one or more of fixed capacitancs capacitors
150a-d or 150 a-h into the shunt capacitance of the match circuit, based on the
process recipe run in the chamber or process environmeni. Here, the system
dasigner determines, based on pradiction or actual data, the reactance and resistance
values of the load during each process step, selectively swiiched capacitors 150a-d
or 150 a-h into the shunt capacitance and measures the reflected power, or both, o

determine the appropriate capacitance of the fixed capacitance capacitors 180a-d or
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150 a-h to be switched into the shuni capacitance to minimize the reflectance at sach
process step. Here, the frequency of the power supply is controlled solely by the

power supply itsslf,

[00B37 Figure 13 shows a schematic of a power supply circuit incorporating a DC
power supply 110, and an RF stage 254, whersin the RF stage combines the DC to
AC convertor 112, and AC or RF amplifier 114 of Figures 1 to 4 into a single unit.
Here, AC power in the range of 200 to 480 ¥ AC is supplied to the DC power supply
110, which converts the AC input into a DV output fed to the RF stage 254. The RF
stage include a DC to AC (RF) convertor, and at least one AC (RF) ampilifier, as solid-
state components thereof. To obtain the desired power output from the RF stags,
more than one ampiifier may be connected o the output of the DC to AC convertor of
the RF stage, and the cutputs thereof combined in a combiner (not shown). The AC
or RF output of the RF stage 254 passes through a measuring unit 256 wherein the
vaiue of reflected power Prand P reflected from the load 260, for example a process
chamber component, are measured and transmitted therefrom the a power supply
controller 258 The power supply controller 258 is configured to transmit control
signals to the DC power supply 110 to change the value of the DV power ouiput
therefrom, and to the RF stage 254 to change the cutput frequency thereof. The power
supply controller 258 includes logic to measure the changes in reflected power versus
the output frequency of the RF stage, 10 cause the frequency 1o be set at a value,
which minimizes the reflected power of the load 260. As a result, the frequency of the
power can be varied independently of the value of the shunt resistance in the
switchable match 102, for example when the shunt capacitance values are based on
gxpected reactance and resisiance values of the load based on the process recipe
being performed in the process environment to which the load is exposed, or forms a

part of.

[B054] Herein, a8 switchable match operabie under load, i.e., including hot switching
of fixed capacitance capacitors into or out of the shunt capacitance thereof, along with
a variable frequency source of AC or RF power, which enables a large range of load
resistance and reactance valuas to be accommodated with minimal reflectance of the

forward power by the load, has been described herein.
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WHAT 1S CLAIMED IS

1. A power supply circudt,

a swilchable match configured to change electrical characteristics thereof in
response to changes in a lead to which the switchable match is connected, the match
including:

a high voltage bus conneciable to a load;

a low voltage bus conneclable 1o the load such that the load is in series
betwaen the high voltage bus and the low voltags bus;

at least two capacitors having a fixed value of capacitance selectively
connaciable between the high voltage bus and the low voltage bus; and

a plurality of solid state switches equal in number to the number of
capacitors having a fixed value of capacitance connectable between the high voliage
bus and the low voltage bus, each swilch configured and arranged 0 selectively
connect or disconnect one of the capacitors having a fixed vaiue of capacitance
selectively connectable between the high voltage bus and the low voltage bus into
electrical communication between the high voitage bus and the low voltage bus; and

a variable frequency power supply including a high voltage output connection,

the high voliage cutput connection connected to the high voltage bus.
2. The power supply circuit of claim 1, wherein the variable frequency power
supply circuit comprises a DO power supply and a variable frequency output DC to

AC Convertor.

3. The power supply circuit of claim 2, wherein the variable frequency power

supply circult further includes an amplifier.

4. The power supply circuit, of claim 1, wherein the variable frequency power

supply is an RF generator.

5. The power supply circuit of claim 1, wherein the switchable match is configured

as an L match.
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8. The power supply circuit of claim 1, wherein the switchable match is configured

as a wmatch.

7. The power supply circuit of claim 1, wherein the swilchable match is
configurable to include:

a first fixed capacitance, comprising the sum of the capacitances of one or
more of the fixed capacitance capacitors, electrically conneciad between the high
voltage bus and the low voltage bus, and, with the first fixed capacitance electrically
comnecied between the high voltage bus and the low voltage bus, the switchable
maich is configured to transmit a high percentage of the power transmitted therelo by
the variable freguency power supply o the load connectad thereto over & first range
of resistance and reactance values of tha load and a lesser parcentage of the power
fransmitied thereto by the variable frequency power supply to the load connected
thereto over a second rangs of resistance and reactance valuas of the load; and

a second fixed capacitance, comprising the sum of the capacitances of one or
mare of the fixed capacitance capacitors different than those providing the first
capacitance, elecirically connected between the high voltage bus and the low voltage
bus, and, with the second fixed capacitance electrically connected between the high
voltage bus and the low voltage bus, the switchable match is configured to transmit a
high percentage of the power transmitted thereto by the variable frequency power
supply 1o the iocad connected thereto over a third range of resistance and reactance
vaiues of the load different from the first range and a lesser percentage of the power
transmitted therelo by the variable frequency power supply o the load connected

thereto over a fourth range of resistance and reactance values of the load

8. The power supply circuit of claim 7, wherein the ranges of resistance and

reactance of the load of the second range and the fourth range overlap.
Q. The power supply circuit of claim 7, wherein the ranges of resistance and
reactance of the load of one of the first range and the fourth range, and the second

range and the third range, overlap.

10.  The power supply circuit of claim 1, where the low voliage bus is a ground bus.
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11, The power supply circuit of claim 1, wherein the solid state switches are
electrically interposed between comesponding ones of the fixed capacitance

capacitors and the high voltage bus.

12, A maich connectable betweaen a variable frequency power supply and a load,
wherein electrical characteristics of a load can dynamically change, comprising:

a high voltage bus conneciable to a load;

a low voltage bus cornectable to the load such that the load is in series
between the high vollage bus and the low voltage bus;

at least two capacitors having a fixed value of capaciiance selectively
connectable between the high voltags bus and the low voliage bus; and

a plurality of solid state switches equal in number o the number of
capacitors having a fixed value of capaciiance connectable between the high voltage
bus and the low voltage bus, sach switch configured and arranged o selectively
connect or disconnect one of the capacitors having a fixed value of capacitance
selactively connectable between the high voltage bus and the low voltage bus info

glectrical communication between the high voltage bus and the low voltage bus.

13, The match of claim 12, wherein the switchable maich is configured as one of

an L maich and a T maich.

14, The match of claim 12, wherein the match is configurable to include:

a first fixed capacitance, comprising the sum of the capacitances of one or
more of the fixed capacitance capacitors, electrically connected between the high
voltage bus and the low voltage bus, and, with the first fixed capacitance electrically
connected between the high voltage bus and the low voliage bus, the switchable
match is configured o transmit a high percentage of the power transmitted thereto by
the variable frequency power supply the load connected thereto over a first range of
resistance and reactance values of the load and a lesser percentage of the power
transmitiad thereto by the variable frequency power supply to the load connected
thereto over a second range of resistance and reactance values of the load; and

a second fixed capacitance, comprising the sum of the capacitances of one or
more of the fixed capacitance capacifors different than those providing the first

capacitance, electrically connected between the high voltage bus and the low voltage
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bus, and, with the second fixed capacitance elecirically connected between the high
voltage bus and the low voltage bus, the swilchable match is configured to transmit a
high percentage of the power fransmitted thersto by the variable frequency power
supply io the load connecied thereto over a third range of resistance and reactance
values of the load different from the first rangs and a lesser percentage of the power
transmitted thereto by the variable frequency power supply o the load connected

thereto over a fourth range of resistance and reactance values of the load.

15, The match of claim 15, wherein the ranges of resistance and reactance of the

load of the second range and the fourth range overlap.

16. The power supply circuit of claim 14, wherein the ranges of resistance and
reactance of the load of one of the first range and the fourth range, and the second

range and the third rangs, overlap.

17, The power supply circuit of claim 12, wherein the solid siale switches are
glectrically interposed between corresponding ones of the fixed capacitance

capacitors and the high voltage bus.

18. A method of matching a power supply to a load, comprising:

providing a power supply circuil, comprising:

a switchable match configured io change electrical characteristics thereof in
response {o changes in the load to which the switchable match is connacied, the
maich including:

a high voltage bus connectable o the load;

a low voltage bus connectable to the load such that the load is in series
between the high vollage bus and the low voltage bus;

at least two capacitors having a fixed value of capacitance selectively
connectable between the high vollage bus and the low voltage bus; and

a plurality of solid state switches aqual in number to the number of
capacitors having a fixed value of capaciiance connectable between the high voltage
bus and the iow voltage bus, sach switch configured and arranged o selectively

connect or disconnect one of the capacitors having a fixed value of capacitance
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selechively connectable between the high voltage bus and the low voltage bus into
alectrical communication between the high voltage bus and the low voltage bus; and
providing a variable frequency power supply including a high voliage output

connection, a high voltage connection connected to the high voltage bus.

18. The method of claim 18, further comprising:

providing a first fixed capacitance, comprising the sum of the capacitances of
one or more of the fixed capacitance capacitors, electrically connected between the
high voltage bus and the low vollage bus, and, with the first fixed capacitance
elecirically connected between the high voltage bus and the low voltage bus, the
switchable match is configured to transmit a high percentage of the power transmitted
thereto by the variable frequency power supply to the load connectad thereto over a
first range of resistance and reactance values of the load and a lesser percentage of
the power transmitted thersto by the variable frequency power supply to the load
connected thereto over a second range of resistance and reactance values of the
cad; and

providing a second fixed capacitance, comprising the sum of the capacitances
of one or more of the fixed capacitance capacitors different than those providing the
first capacitance, eleclrically connected between the high voltage bus and the low
voltage bus, and, with the second fixed capacitance electrically connected between
the high voliage bus and the low voltage bus, the swilchable match is configured o
fransmit a high percentage of the power transmitied thereto by the variable frequency
powsr supply o the load connected therelo over a third range of resistance and
reactance values of the load different from the first range and a lesser percentage of
the power transmitted thereto by the variable frequency power supply to the load

connected thereto over a fourth range of resistance and reactance values of the load.
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